The authors found splenial lesions to be associated with left ear suppression in dichotic listening of consonant-vowel syllables. This was found in both a rapid presentation dichotic monitoring task and a standard dichotic listening task, ruling out attentional limitations in the processing of high stimulus loads as a confounding factor. Moreover, directed attention to the left ear did not improve left ear target detection in the patients, independent of callosal lesion location. The authors' data may indicate that auditory callosal fibers pass through the splenium more posterior than previously thought. However, further studies should investigate whether callosal fibers between primary and secondary auditory cortices, or between higher level multimodal cortices, are vital for the detection of left ear targets in dichotic listening.
Contrary to the visual system, which has a clear contralateral organization up to primary visual cortex, the auditory pathways have multiple subcortical commissures, beginning as early as the superior olivary complex. Thus, to provide lateralized auditory input to a hemisphere, researchers had to devise a special technique. The dichotic listening (DL) technique, invented by Broadbent (1954) , was developed by Kimura (1961) into a tool for the study of hemispheric function in normal subjects and brain-lesioned patients. In dichotic listening, two similar (but not identical) sounds are presented, one to each ear. Numerous studies have shown that under dichotic listening conditions, lexical material, such as words or consonant-vowel (CV) syllables, is detected more easily in the right ear in subjects with a language-dominant left hemisphere (LH; for an overview, cf. Hugdahl, 1995) . The classic explanation of this right ear advantage (REA) rests on the assumption that contralateral auditory input dominates over ipsilateral input in DL. Thus, material presented to the right ear will have direct access to the contralateral left hemisphere and therefore will be more easily detected than left ear input, which will have to cross the corpus callosum to reach the language-dominant hemisphere (callosal relay). Support for the callosal relay model came from studies of callosotomy patients. Whereas in normal subjects the right ear advantage is only a gradual difference between right and left ear stimulus detection (or identification), the disadvantage of the left ear was much more pronounced in patients with complete callosotomy (Milner, Taylor, & Sperry, 1968; Sparks & Geschwind, 1968) . This left ear suppression in commissurotomy patients was expected if the contralateral pathway was dominant in DL, so that auditory transfer to the ipsilateral hemisphere could only be accomplished via the corpus callosum.
While the experiments with complete callosotomy patients demonstrated that the subcortical commissures were insufficient for ipsilateral transfer of auditory lexical material, subsequent studies investigated which partial lesions of the corpus callosum would disrupt ipsilateral transfer in DL. An early study (Springer & Gazzaniga, 1975) found that left ear suppression was absent in a patient who had only the anterior third of the corpus callosum and the anterior commissure sectioned. There was also no left ear suppression in another patient with a splenial section. Contrary, left ear performance was deficient in another commissurotomy patient for which it was noted that "visual tests . . . suggest that parts of the splenium were left intact" (Springer & Gazzaniga, 1975, p. 342) . Springer and Gazzaniga (1975) concluded that "sections anterior to the splenium and posterior to the first one third of the corpus callosum" (p. 341) were critical for left ear suppression. Alexander and Warren (1988) reported a case with a discrete lesion in the most posterior part of the trunk of the corpus callosum that showed complete left ear suppression for high frequency consonant-vowel-consonant (CVC) words presented dichotically as well as left-sided extinction of click sounds.
More recently, Sugishita et al. (1995) investigated DL performance in 5 patients with circumscribed lesions of the corpus callosum. Sugishita et al. were the first to present midsaggital magnetic resonance images (MRI) to document lesion location and extent in their patients. They concluded that lesions of the posterior 20 -25% of the curvature of the corpus callosum led to left ear suppression. This area comprises the splenium and sometimes the most posterior part of the trunk of the corpus callosum. Thus, the emphasis was moved from the trunk of the corpus callosum to the splenium as the structure needed for auditory transfer to the LH.
The first aim of the present study was to investigate whether the relationship between splenial lesions and left ear suppression in DL can be replicated in a larger patient sample. A replication of the association between splenial damage and left ear suppression is important because this association was unexpected on the basis of the callosal relay model. As outlined above, the callosal relay model assumes that auditory fibers of the corpus callosum relay stimulus information to the LH. However, it is questionable whether the human splenium contains auditory fibers. Anatomical studies in the rhesus monkey locate the auditory commissures in the posterior part of the callosal trunk, rather than the splenium (Cipolloni & Pandya, 1985) . The sparse data available on the human corpus callosum seem to agree with this location, although they allow no exact localization of the auditory callosal fibers (De Lacoste, Kirkpatrick, & Ross, 1985) . A second aim of our study was to investigate to what degree directed attention to the left ear leads to better left ear performance in patients with splenial or nonsplenial callosal lesions. Under the assumption that CV syllable identification is an LH process, improved left ear detection would suggest at least a residual auditory transfer to the LH because an attentional enhancement can only be observed if stimulus transfer to the LH is not completely blocked.
Thirdly, different stimulus load may have led to conflicting results in previous studies, as pointed out by Sugishita et al. (1995) . Wale and Geffen (1986) reported left ear suppression in a patient with a lesion of the genu. In contrast to the majority of studies, which have found no left ear suppression after lesions of the anterior third of the corpus callosum, Wale and Geffen used a dichotic monitoring paradigm, that is, patients had to monitor a rapid stream of sounds for the occurrence of a target. This may pose higher attentional demands than the classic procedure in which a pair of stimuli is presented, followed by ample time for the patient's response. We therefore tested our patients with both paradigms in order to investigate the influence of stimulus load on DL performance.
Method

Subjects
Ten former patients of the Day Clinic of Cognitive Neurology of the University of Leipzig who had partial lesions of the corpus callosum and 11 voluntary controls participated in the study after giving their informed consent according to the Declaration of Helsinki. Patients and controls were matched for age, gender, educational level, and handedness. The patient group comprised 6 men and 4 women and the control group contained 7 men and 4 women. The age range was between 20 and 66 years in the patients and between 21 and 66 years in the control group with a mean of 45 years (SD ϭ 16.23 for controls and 16.19 for patients) in both groups. Table 1 summarizes the clinical data. Handedness was assessed with a German adaptation of the Edinburgh Handedness Inventory (Oldfield, 1971) , and mean laterality quotients of 80 and 82 were obtained for the patient and the control groups, respectively. All participants were native German speakers. 
Auditory Testing
Patients' audiograms were acquired for eight pure tone signals between 0.125 kHz and 16.0 kHz separated by octave steps. Patients were tested in a soundproof booth (Industrial Acoustics, New York, NY) using headphones (Beyer Dynamics DT 770 Pro, Heilbronn, Germany). The psychoacoustic test procedure was automatized using a psychoacoustic setup (Tucker-Davis-Technologies [TDT, System II], Gainesville, FL) and associated software (SigGen, PsychoSig, TDT, Gainesville, FL). Table 1 contains hearing thresholds at 250 Hz, 1000 Hz, and 4000 Hz in Z scores, indicating deviation from normal thresholds. Although some patients had a hearing loss, especially at low frequencies, selective hearing loss in one ear was not observed.
Lesion Measurement
High-resolution, whole-head 3D modified driven equilibrium fourier transform (Lee et al., 1995; Ugurbil et al., 1993) magnetic resonance scans were obtained in 128 sagittal slices, with 1.5 mm thickness and a data matrix of 256 ϫ 256 voxels. Figure 1 shows midsaggital sections of the corpus callosum of each patient. In addition, we ran a T 2 *-weighted protocol in order to visualize microbleeds in patients with traumatic brain injury (TBI; Fazekas et al., 1999; Roob et al., 1999) . The cases reported here did not show T 2 -visible periventricular white matter damage.
To measure the length of the corpus callosum quantitatively, we adopted the rostrum-splenium procedure by Sugishita et al. (1995) . In the midsaggital plane, a curve was constructed manually, by means of a segmentation software (Kruggel & Lohmann, 1996) , midway between the dorsal and the ventral aspects of the corpus callosum from the tip of the rostrum to the end of the splenium. The length of this segmented curve was defined as the total length of the corpus callosum. The anterior and posterior limits of the callosal lesions were marked on this curved line, and the extent of the lesion was calculated as a percentage of the total corpus callosum length (see Figure 2 ). Following Sugishita et al. (1995) , we categorized lesions affecting the posterior 20% as splenial and lesions within the anterior 80% as nonsplenial.
Stimuli
Pairs of CV syllables were presented dichotically via earphones (Sennheiser HD600, Tullamore, Ireland). The experimental stimulus set consisted of six CV syllables: /BA/, /DA/, /GA/, /KA/, /PA/, and /TA/. In the entire experiment, the syllable /TA/ was specified as target because in preliminary testing it produced the most pronounced right ear advantage with a right to left detection ratio of 2/3 to 1/3, respectively. Syllable duration was equated as far as possible (range ϭ 338 -359 ms). The stimuli were digitized (as stereo VOC files, 16 bit, 22 kHz) and presented from a PC equipped with a Creative Laboratories SoundBlaster ViBRA 16X PnP board. After digitization, the dichotic syllable pairs were temporally aligned for simultaneous onset in the left and right channels and with regard to initial and final energy release with the aid of a stereo channel editing sound editor (Cool Edit; Syntrillium Software, 1995) . Stimulus presentation was controlled by an ASCII running script made functional through the software package Experimental Run Time System (Berisoft, 1999) .
Design
The experiment involved a 2 ϫ 2 ϫ 3 factorial repeatedmeasures design with the factors ear of target presentation (left or right) and task (nonforced monitoring, forced left monitoring, verbal report) and the between-subjects factor group (patients vs. controls). In the nonforced monitoring task, subjects had to detect a prespecified target in a continuous stream of dichotically presented CV pairs. The forced left monitoring condition differed from the nonforced monitoring condition in that subjects were required to focus attention to the left ear. The verbal report task differed from the monitoring tasks in that the subjects responded verbally and had as much time as they needed to give the required response. The dependent variable in all tasks was detection accuracy.
Procedure
A typical experimental session lasted about 75 min. It started with a pretest to assure that the participants were able to discriminate the syllables and to familiarize them with the experimental situation. Here the participants were presented with one syllable at a time either monaurally or binaurally and had to indicate orally if the stimulus was perceived to be "left," "right," or "middle." No subject committed more than two errors in about 20 trials. The pretest was followed by the actual experiment in the following order: (a) nonforced dichotic monitoring, (b) dichotic listening with verbal report, and (c) forced left dichotic monitoring. The forced left task was always run last in order not to bias attention to the left in the other two tasks.
Trials in the two monitoring tasks proceeded as follows. Presentation of the CV syllable pair was followed by a silent intertrial interval until presentation of the next CV pair. Trial duration was 800 ms, 1,000 ms, or 1,200 ms to render the next stimulus onset unpredictable. Button press response was recorded in a time window of 800 ms from stimulus onset. Subjects had the instruction to press the left button of a response box with the right index finger whenever they detected the target stimulus. It was explicitly pointed out that it did not matter if the target was heard in the left or right ear. In the forced left monitoring task, subjects were instructed to concentrate exclusively on their left ear and report targets only if they were heard in the left ear. Subjects responded with the index finger of their left hand to eliminate callosal relay demand caused by crossed stimulus-response arrangement.
The verbal report task required subjects to report aloud whether the target was present or not ("yes" or "no"). The experimenter (Marianne Maertens) recorded the response by a button press that also (after a delay of 800 ms) started the next trial. Subjects were instructed that the experimenter would wait for their response.
In all three tasks, /TA/ targets were present in 90 of 125 trials of a block. Targets were presented in the left and right ear channels in equal numbers. Conditions were alternated in a randomized fashion. The monitoring tasks (nonforced and forced left) consisted of five blocks each. The verbal report task, owing to its increased time demand per trial, consisted of three blocks. Altogether, each subject performed 2 ϫ 625 trials in the monitoring tasks and 375 trials in the verbal report task. Each task began with a training block, the responses of which were discarded. The training blocks consisted of 125 trials for the nonforced monitoring task and 40 trials each for the subsequent verbal report and left ear monitoring tasks. Blocks were separated by breaks, the duration of which (beyond a minimum of 20 s) could be chosen by the subjects. Each block began by three repetitions of the binaurally presented target /TA/, to remind subjects of its sound.
Data Analysis
The ratio of left and right ear target detection was computed as a laterality score (LS) according to the following formula: LS ϭ (D r Ϫ D l )/(D r ϩ D l ), where D r (or D l ) is the number of correct target detections in the right (or left) ear. Statistical data analyses were performed with nonparametric procedures. Positive scores indicate a relative advantage for the right ear stimulus (maximum ϭ 1). Negative scores indicate a relative advantage for the left ear stimulus (minimum ϭ Ϫ1), whereas a score of zero indicates the absence of an ear advantage. The Wilcoxon Rank Sum Test was used for repeated-measures analysis, and the Mann-Whitney U Test was used in the case of independent comparisons. Significance criterion was ␣ ϭ .05.
Results
Effects of Callosal Lesion
As a whole, the patients did not differ from the normal control group in the number of target detections (in the left and right ear) in the nonforced monitoring task (U ϭ 52, p ϭ .833; see Table 2 ). False-alarm rates did not differ between groups either (patients ϭ 6%, controls ϭ 9%; U ϭ 39.5, p ϭ .274), eliminating a response bias as a possible confounding factor. There was also no significant difference in the laterality scores between patients and controls, although laterality scores were higher (i.e., more right biased) in the patients (U ϭ 27, p ϭ .049).
In the verbal report task, the patient group had significantly higher laterality scores than the controls (U ϭ 22, p ϭ .020). However, there was no significant difference between the patients' laterality scores in the verbal report and the nonforced monitoring task (Z ϭ 1.78, p ϭ .075). Again, neither the overall detection rate (U ϭ 44, p ϭ .439) nor the false-alarm rate (U ϭ 29.5, p ϭ .070) differed between patients and controls in the verbal report task.
In the forced left monitoring task, the control group detected significantly more left ear targets, compared with the nonforced monitoring task (Z ϭ 2.19, p ϭ .028). In contrast, no such increase in the left ear detection rate was observed in the patients (Z ϭ 0.36, p ϭ .721). The increased detection rate of the control group was not due to a shift in response bias, as indicated by the equally low (3%) falsealarm rates of patients and controls.
Effects of Splenial and Nonsplenial Callosal Lesions
Patients with splenial and nonsplenial callosal lesions did not differ in their overall target detection rate (all Us Ͼ 3, p Ͼ .087) or false-alarm rate (all Us Ͼ 3, p Ͼ .086) in any of the three tasks. In the laterality scores of the nonforced monitoring task, the patients with lesions anterior to the splenium (n ϭ 3) did not differ from the control group (U ϭ 16, p ϭ .938). The splenial lesion group (n ϭ 7), however, had significantly higher laterality scores than the controls (U ϭ 11, p ϭ .013). The same pattern was observed for the verbal report task (nonsplenial patient group vs. controls, U ϭ 14, p ϭ .697; splenial group vs. controls, U ϭ 8, p ϭ .006).
In both tasks, the splenial and the anterior lesion group did not differ significantly in their laterality scores, although the significance criterion was missed only slightly, especially in the nonforced monitoring task (U ϭ 2, p ϭ .053; verbal report task, U ϭ 3, p ϭ .087). The individual laterality scores (see Figure 2) show that most patients with a lesion affecting the posterior 20% of the curvature from rostrum to splenium (the operational definition of splenium) had an almost total loss of target detection in the left ear. One patient of the splenial lesion group had lesions affecting only the anterior border zone of the splenium (Patient 339: posterior 17% of the corpus callosum intact). This patient had a normal REA. When Patient 339 was allocated to the subgroup with nonsplenial lesions (n ϭ 4), the difference between the patient subgroups' laterality scores became significant for the nonforced monitoring as well as the verbal report task (both Us ϭ 0, p ϭ .011).
The instruction to attend to left ear input did not increase the left ear detection rate in either the anterior or the splenial lesion subgroup, independent of the allocation of Patient 339 (with Patient 339 in splenial group, Z ϭ 0.54, p ϭ .593, for the anterior, and Z ϭ 0.09, p ϭ .933, for the splenial group, respectively, and with Patient 339 in the anterior group, Z ϭ 0, p ϭ 1, and Z ϭ 0.84, p ϭ .4, respectively). 
Discussion
We investigated the effects of partial lesions of the corpus callosum on dichotic listening. The main finding was that lesions affecting the splenium led to left ear suppression, whereas lesions of the corpus callosum anterior to the splenium did not affect laterality scores. This pattern of results was observed independent of stimulus load. Neither patients with splenial nor nonsplenial lesions benefited from focused attention to the left ear, contrary to normal controls.
Some of our patients had extracallosal lesions. However, these lesions were highly divergent, and no systematic relation to the behavioral data was observed. Another caveat is the etiology, which differed between patients; but again, there was no systematic relation between etiology and behavioral data. Thus, our data rather indicate that the observed effects are tied to the location of callosal lesion, independent of etiology. We went to great lengths to exclude magnetic-resonance-visible microlesions. However, we cannot exclude that patients may still have microlesions that are not visible with magnetic resonance methods.
Specific Effects of Splenial Lesion
Following Sugishita et al. (1995) , we defined splenial lesions as lesions affecting the posterior 20% of the circumference from rostrum to splenium. Patients whose callosal lesions did not reach into the posterior 20% of the corpus callosum had, as a group, normal laterality scores. Contrary, patients with lesions affecting the posterior 20% of the corpus callosum showed left ear suppression. This was the case for the dichotic monitoring and verbal report tasks alike. Analysis of the individual laterality scores showed the clearest association between left ear suppression and splenial lesion in the verbal report task. This was surprising because the monitoring task, with its rapid succession of stimuli, was previously thought to be more demanding than the verbal report task, in which there was no time pressure, because the patient's response determined the duration of a trial (Sugishita et al., 1995) . Thus, we found no evidence for the claim that patients with anterior callosal lesions may be susceptible to the higher stimulus load when dichotic stimuli in rapid succession had to be monitored. A potential confound could be that the verbal response, which is known to be LH dominant, prevented a direct response from the right hemisphere (RH). However, we have found no evidence for independent RH dichotic listening performance in the dichotic monitoring tasks with manual response either. Furthermore, because we are interested in the role of the corpus callosum in dichotic listening, a hypothetical capability of the RH to identify left ear targets would be beyond the scope of this article. We chose the verbal response because it is more natural than a forced-choice key press response. However, the data do not indicate that the manual response was problematic for our patients.
Whereas all patients with a nonsplenial lesion showed a normal REA, all but 1 patient with splenial lesions showed an almost complete left ear suppression. The 1 splenial patient (Patient 339) who did not show a left ear suppression had a lesion affecting the anterior border zone of the splenium, as defined in this article. This case indicates that the callosal fibers that are essential for left ear CV detection occupy an area that lies rather within the posterior 17% of the callosal circumference. This strengthens our interpretation that splenial lesions are associated with left ear suppression, because the posterior 20% of the corpus callosum, which we adopted as the operational definition of the splenium, often contains not only the splenium proper but also a part of the posterior trunk, as already pointed out by Sugishita et al. (1995) . It should be noted that although we observed strong evidence for left ear suppression after purely splenial lesions (in Cases 126, 432, and 424, the lesion was restricted to the posterior 20% of the corpus callosum), the evidence for intact left ear target detection after posterior callosal body lesions hinges mainly on Patient 339. Replications of intact left ear detection in patients with posterior callosal body lesions would be desirable. The patients, both splenial and nonsplenial, did not differ in their detection rate (across left and right ear targets) or their false-alarm rate from the control group. This indicates that the observed left ear suppression was a pure laterality effect, which was not confounded by differential task difficulty or by a response bias.
Focused Attention to the Left Ear
The main deficit that was independent of lesion location was the patients' lack of benefit from focused attention to the left ear. Previous studies have shown that normal subjects benefit from the instruction to attend to a specific ear (Hugdahl, 1995) . This benefit was replicated in the present study for the normal control group. The lack of a left ear attention benefit in the patients is in agreement with a previous dichotic listening study, in which the detection rate in the forced left condition was related to the intactness of the corpus callosum in patients with multiple sclerosis, whereas no such correlation was observed in the nonforced or forced right conditions (Reinvang, Bakke, Hugdahl, Karlsen, & Sundet, 1994) . Taken together, these data imply that the left hemisphere is vital for the detection of CV syllables under dichotic listening conditions. If the right hemisphere would be able to process this task independently, it is difficult to see why callosal lesions would eliminate the beneficial effect of directed attention to the left ear.
One possible explanation for the absence of a directed attention benefit after partial callosal lesions could be disruption of auditory transfer to the left hemisphere. If the auditory input does not reach the left hemisphere, attention has no input on which to work. However, although this may have been the case in individual patients, it seems safe to conclude that the diversity of the callosal lesion locations rules out disruption of auditory fibers as the only cause for the lacking attention effect in our patient group. It is likely that the corpus callosum is involved in interhemispheric transfer beyond initial transfer of auditory input. Callosal fibers transfer higher level information between the hemispheres, and disruption of interhemispheric processing can disrupt the processing of auditory stimuli at several stages from initial auditory transfer via stimulus identification to response preparatory processes.
In the forced left condition, patients and controls responded with their left hand, whereas responses in the nonforced condition were elicited with the right hand. This arrangement was chosen to provide uncrossed input to and output from the right hemisphere in the forced left condition. Since the data indicate that the left hemisphere was needed to carry out the task, it may be that the crossed response (from LH via RH motor cortex to left hand) led to a performance decrease in the forced left condition, which may have masked a gain from attending to the left ear. However, if such a trade-off between an attentional gain and a disruption of the crossed response may have happened, it should be kept in mind that there was a clear attend-left advantage in the control group and that this advantage was lost in presplenial and splenial patients alike, which makes disruption of interhemispheric motor transfer an unlikely explanation for the lack of the attend-left advantage.
Functional Role of the Splenium
To summarize, we found a clear association between splenial lesion and left ear suppression in dichotic listening. This association was independent of stimulus load. It was not ameliorated when the patients were asked to direct their attention to the left ear. However, a lack of directed attention was not a specific cause for the left ear suppression, because patients with nonsplenial lesions without left ear suppression showed the same lack of an attentional benefit. This pattern of results is compatible with the classical callosal relay model of dichotic listening, which assumes that the left hemisphere is essential for the processing of lexical material and that the corpus callosum is needed for auditory transfer of left ear input to the left hemisphere because the ipsilateral input is suppressed in the auditory pathway with dichotic presentation. According to this model, we would have to conclude that the auditory commissures project through the splenium. This is in apparent contradiction with anatomical data on the location of auditory fibers in the corpus callosum. In the rhesus monkey, callosal fibers from primary auditory cortex have been found to occupy an area rostral to the splenium, in the posterior part of the callosal trunk (Cipolloni & Pandya, 1985) . Furthermore, the rostro-caudal position of the originating neurons in superior temporal gyrus was mirrored by an analogous rostro-caudal position of the respective fibers in the trunk of the corpus callosum. The same organizational principle, although on a much more coarse scale, was found in a degeneration study of the human corpus callosum. De Lacoste et al. (1985) found that lesions in the anterior temporal lobe led to degeneration in the anterior to middle third of the callosal trunk, while lesions in the posterior half of the temporal lobe led to degeneration in the posterior third of the trunk and the splenium. However, the latter lesion area included the whole temporo-parieto-occipital junction area, so that no exact information on the locus of the auditory fibers is available. Thus, if left ear suppression is due to disruption of interhemispheric auditory transfer, then the present data, along with the data of Sugishita et al. (1995) , indicate that the auditory fibers in the human corpus callosum are located in the posterior 20% (and probably rather the posterior 17%) of the curvature of the corpus callosum.
A recent positron emission tomography study of dichotic listening (Hugdahl, Brønnick, Law, Kyllingsbaek, & Paulson, 1999 ) that used very similar stimuli as in the present study found bilateral superior temporal gyrus activation, including primary and secondary auditory cortices, when processing of CV syllables was compared with a tone discrimination baseline. If we assume that splenial lesions disrupted auditory transfer in the present study, the lesions may have affected commissures between primary or secondary auditory cortices. Thus, our data may indicate interspecies differences in the location of auditory callosal fibers. However, we cannot exclude that the balance between left and right ear stimulus detection may be disturbed at a level beyond auditory cortex. One critical question for further studies will be to test this alternative.
